Introduction

Mechanochemistry and high-energy milling
Since the first laboratory experiments of M. Carey Lea and the original definition by F. W. Ostwald at the end of the 19 th century, mechanochemistry, a field treating chemical changes induced in substances as a result of applied mechanical stress, has been evolved as an important area of chemistry from the viewpoint of both the fundamental research and applications (Takacs, 2004; Boldyrev & Tkačova, 2000) . Whereas the fundamentals of mechanochemistry are still being extensively explored, the mechanical alloying, a powder metallurgy process involving ball milling of particles under high-energy impact conditions, met the commercial ground as early as in 1966 and was used to produce improved nickeland iron-based alloys for aerospace industry (Suryanarayana et al., 2001) . In addition to metallurgy, the science and technology of mechanochemical processes are continuously developing within various other fields, including ceramics processing, processing of minerals, catalysis, pharmaceutics, and many others.
Due to simplicity and technological reasons, the most common way to apply mechanical stress to a solid is via ball-particle collisions in a milling device. This is often referred to as the "high-energy milling" technique. What distinguish this method from the classical "wet ball-milling", used primarily for reducing particle size and/or mixing components, is that a powder or mixture of powders is typically milled in liquid-free conditions; under such circumstances, a larger amount of the kinetic energy of a moving ball inside a grinding bowl is transferred to the powder particles during collisions; this is also the origin of the term "high-energy" milling. Owing to the feasibility to conduct chemical reactions by high-energy milling, an often used term in the literature is "mechanochemical synthesis".
To carry out mechanochemical processes, various types of milling devices are used, including shaker, planetary, horizontal, attrition mill, etc. (Lu & Lai, 1998) . One of the most Infrared Spectroscopy -Materials Science, Engineering and Technology 14 used, in particular for research purposes, is the planetary ball mill (Fig. 1a) . A schematic view of the ball motion inside a grinding bowl of a planetary mill is illustrated in Fig. 1b . This characteristic ball motion results from two types of rotations: i) rotation of the grinding bowl around its center and ii) rotation of the supporting disc to which the bowls are attached; the two rotational senses are opposite (see Fig. 1b ). In such a rotational geometry, the forces acting on the milling balls result into a periodical ball movement, illustrated by arrows in Fig. 1b , during which, when certain conditions are met, the balls are detached from the bowl's internal surface, colliding onto the powder particles on the opposite side. Even if simplified, the mathematical model derived from such an idealized ball movement agreed well with the experimental measurements of power consumption during milling (Burgio et al., 1991; Iasonna & Magini, 1996) . In addition, this periodical movement was confirmed by numerical simulations (Watanabe et al., 1995a) and high-speed video camera recordings (Le Brun et al., 1993) .
The high energy released during ball-powder collisions leads to various phenomena in the solid; this includes creation of a large amount of defects in the crystal structure, amorphization or complete loss of long-range structural periodicity, plastic and elastic deformation of particles, decrease of particle size down to the nanometer scale, increase of specific surface area of the powders, polymorphic transitions and even chemical reactions (Fig. 1c) . Such changes result in distinct powder properties. The so-called mechanochemical reactions, which take place directly during the milling process without any external supply of thermal energy, make the method particularly interesting and distinguished from other conventional synthesis methods, which are typically based upon thermally driven reactions.
Due to their complexity, understanding mechanochemical reactions and the underlying mechanisms is a difficult task. In addition to local heating, provided by the high-energy collisions, modelling of the high-energy milling process revealed a large increase of pressure at the contact area between two colliding milling balls, which can reach levels of up to several GPa. It should be noted that both temperature and pressure rise are realized in tenths of microseconds, an estimated duration of a collision, illustrating the nonequilibrium nature of the mechanochemical process (Maurice & Courtney, 1990) . Actually, during high-energy collisions the powder particles are subjected to a combination of hydrostatic and shear stress components, which further complicate the overall picture, even in apparently simple cases, such as polymorphic phase transitions. It was shown, for example, that conventional thermodynamic phase diagrams cannot be applied for polymorphic phase transitions realized during high-energy milling (Lin & Nadiv, 1979) . In fact, the classical hydrostatic-pressure-temperature (p-T) phase diagram, e.g., in the case of a polymorphic transition between litharge and massicot forms of PbO, is considerably altered by introducing the shear component into the calculations; a twophase field region appears in the phase diagram, suggesting co-existence of the two polymorphs, rather than a sharp transition line characteristic for the conventional PbO p-T diagram. This might explain the often observed co-existence of two polymorphic modifications upon prolonged milling when "steady-state" milling conditions are reached (Lin & Nadiv, 1979; Iguchi & Senna, 1985) . The influence of shear stress and local temperature rise on more complex mechanochemical reactions are still subject of intensive discussions. Suryanarayana, 2001 ) and c) characteristic phenomena taking place in the solids as a result of high-energy collisions.
Mechanochemical synthesis of complex ceramic oxides and underlying reaction mechanisms
Mechanochemical synthesis (or high-energy milling assisted synthesis) has been found particularly useful for the synthesis of ceramic oxides with complex chemical composition, ranging from ferroelectric, magnetic and multiferroic oxides to oxides exhibiting semiconducting and catalytic properties. For an overview of the research activity in this field the reader should consult Kong et al. (2008) and Sopicka-Lizer (2010) .
Whereas, in general, extensive literature data can be found on the mechanochemical synthesis of complex oxides, only limited studies are devoted to the understanding of mechanochemical reaction mechanisms. Primarily driven by the need to enrich our fundamental knowledge of mechanochemistry, the studies of reaction mechanisms have also been found to be essential in order to efficiently design a mechanochemical process, which includes the selection of milling parameters, milling regime, etc. (Rojac et al., 2010 (Rojac et al., 2009 ). In the first 90 hours of milling, the initial crystalline K 2 CO 3 and Nb 2 O 5 (Fig. 2a, 0 h ) are transformed into an amorphous phase, characterized by two broad "humps" centred at around 29° and 54° 2-theta (Fig. 2a, 90 h ). The formation of the amorphous phase was confirmed by transmission electron microscopy (TEM), i.e., an amorphous matrix was observed with embedded nanocrystalline particles of Nb 2 O 5 (Fig. 2b) , which is consistent with the X-ray diffraction (XRD) pattern (Fig. 2a, 90 h ). Further milling from 90 to 350 hours resulted in the crystallization from the amorphous phase; this is evident from the appearance of new peaks after 150 and 350 hours of milling, which were assigned to various potassium niobate phases with different K/Nb molar ratio (Fig. 2a, 150 and 350 h). Therefore, the amorphous phase represents a transitional phase of the reaction. (Wang et al., 2000a (Wang et al., , 2000b Kuscer et al., 2006) . In order to understand mechanochemical reactions, it is thus indispensable to analyze more closely the transitional amorphous phase.
It is clear from the above considerations that the most often used and widely reported XRD analysis becomes insufficient to provide detailed information about amorphous phases. The benefits of in-depth studies of mechanochemical reaction mechanisms by selection of appropriate analytical tools, able to provide data on a short-range (local) structural scale, such as nuclear magnetic resonance (NMR), X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR) spectroscopy, infrared spectroscopy (IR), Raman spectroscopy, etc., were demonstrated by the pioneering work of Senna, Watanabe and coworkers (Watanabe et al., 1996 (Watanabe et al., , 1997 . In those cases, the synthesis of selected complex oxide systems have been studied from starting mixtures comprising typically hydroxide and oxide compounds; extensive data on these studies can be found in Avvakumov et al. (2001) .
Mechanochemical processing has recently provided important improvements in the synthesis of ceramic materials in the family of alkaline niobates tantalates, a rich group of materials exhibiting wide applicability; this includes KTaO 3 and (K,Na,Li)(Nb,Ta)O 3 (KNLNT), which are considered as promising materials for dielectric (microwave) and piezoelectric applications, respectively (Glinsek et al., 2011; Tchernychova et al., 2011; Rojac et al., 2008a Rojac et al., , 2010 . Since alkali carbonates are the most frequently used as starting alkali compounds, it naturally became of interest to understand in more details the mechanochemical reaction mechanisms in which carbonate ions (CO 3 2-) are involved. The results of these studies carry important practical consequences. For example, in the case of the synthesis of the complex KNLNT solid solution, it was demonstrated that the identification of the reaction mechanism during mechanochemical processing is a key step leading to highly homogeneous KNLNT ceramics with excellent piezoelectric response. After identifying an intermediate amorphous carbonato complex, to which the present chapter is particularly devoted, it was found that a homogeneous KNLNT can only be obtained by providing the formation of this complex during the high-energy milling step. In other words, milling conditions that did not lead to the formation of the carbonato complex, e.g., milling in the "friction" mode instead of the "friction+impact" mode, resulted into considerable Ta-inhomogeneities and, consequently, to a reduced piezoelectric response (Rojac et al., 2010) .
In this chapter we present an overview of the studies of reaction mechanisms in systems comprising CO 3 2-ions. The chapter aims primarily at showing the importance of combining various analytical methods, including quantitative XRD analysis, thermal analysis and infrared spectroscopy, to obtain an overall picture of a complex reaction mechanism, such as the one encountered during mechanochemical processing. The first part of the chapter is devoted to the synthesis of NaNbO 3 from a mixture of Na 2 CO 3 and Nb 2 O 5 . After demonstrating the feasibility of synthesizing NaNbO 3 directly by high-energy milling, we show systematically how a mechanism can be revealed by a built-up of data from various analytical methods. The focus is to gain insight into the amorphous phase, which represents a transitional phase in the synthesis of NaNbO 3 . In the second part of the chapter we will extent the studies to other systems based on sodium carbonate, i.e., Na 2 CO 3 -M 2 O 5 (M = V, Nb, Ta). The transition-metal oxides were selected through the 5 th group of the periodic table to allow systematic comparisons and propose potentially a general reaction mechanism.
2. Mechanochemical reaction mechanism in the Na 2 CO 3 -Nb 2 O 5 system studied by a combination of quantitative X-ray diffraction, thermal and infrared spectroscopy analysis
Quantitative X-ray diffraction analysis
The mechanochemical synthesis of NaNbO 3 from a Na 2 CO 3 -Nb 2 O 5 mixture was followed by XRD analysis. Fig. 3 shows the XRD patterns of the Na 2 CO 3 -Nb 2 O 5 mixture after selected milling times. The pattern of the non-milled mixture (Fig. 3, 0 h ), which is a homogenized mixture of Na 2 CO 3 and Nb 2 O 5 powders just before mechanochemical treatment, can be fully indexed with the initial monoclinic Na 2 CO 3 and orthorhombic Nb 2 O 5 (Fig. 3, 0 h ). The first 5 hours of high-energy milling are characterized by broaden peaks of the two reagents together with reduced peak intensity (Fig. 3, 5 h ). After 40 hours of milling Na 2 CO 3 was not observed anymore in the mixture, whereas traces of the newly formed NaNbO 3 were first detected (Fig. 3, 40 h ). Further milling from 40 to 400 h leaded to a progressive disappearance of Nb 2 O 5 from the mixture at the expense of the growing NaNbO 3 . Note the long milling time, i.e., 400 hours, needed to obtain the final NaNbO 3 free of any reagents (Fig. 3, 400 h ). The low rate of the reaction between Na 2 CO 3 and Nb 2 O 5 resulted from the mild milling conditions, which were applied intentionally in order to enable a careful analysis of the individual reaction stages. It should be noted, however, that more intensive milling, resulting into NaNbO 3 after 32 hours of milling, did not change qualitatively the course of the reaction (for details see Rojac et al., 2008b) . The results of the XRD analysis from Fig. 3 confirm the mechanochemical formation of NaNbO 3 according to the following reaction:
In order to obtain a more quantitative picture of the mechanochemical reaction, we performed a quantitative XRD phase analysis using the Rietveld refinement method. In addition to the amount of the crystalline phases, i.e., Na 2 CO 3 , Nb 2 O 5 and NaNbO 3 , we determined also the contribution from the XRD background, which we denoted as "XRDamorphous" phase. This was done using an internal standard method; details of the method can be found in Kuscer et al. (2006) and Rojac et al. (2008b) .
The results of the refinement analysis in terms of the amounts of Na 2 CO 3 , Nb 2 O 5 , NaNbO 3 and XRD-amorphous phase as a function of milling time are shown in Fig. 4 . The amounts of both Na 2 CO 3 and Nb 2 O 5 decrease with milling time (Fig. 4a ). While Nb 2 O 5 persists in the mixture up to 280 hours (Fig. 4a , closed rectangular), Na 2 CO 3 is no longer detected after 20 hours of milling (Fig. 4a , open rectangular). The amount of the XRD-amorphous phase rapidly increases in the initial part of the reaction, reaching a maximum of 91% after 110 hours of milling, after which it decreases with further milling. Note the constant amount of the XRD-amorphous phase after reaching 600 hours of milling. The formation of NaNbO 3 follows a sigmoidal trend: at the beginning of the reaction the formation rate is low, after which it increases and slows down again in the final part of the reaction (Fig. 4b , open circles). Similarly like the XRD-amorphous phase, no differences in the amount of NaNbO 3 are observed with milling from 600 to 700 hours, suggesting a constant NaNbO 3 -toamorphous-phase mass ratio upon prolonged milling.
From the quantitative analysis, shown in Fig. 4 , an important observation can be derived by looking more closely at the initial stage of the reaction. An enlarged view of this part of the reaction is shown as inset in Fig. 4b . Here, we can see that in the initial 20 hours of milling, during which no NaNbO 3 was detected, a large amount, i.e., 73%, of the amorphous phase was formed. Only subsequently, i.e., after 40 hours of milling, NaNbO 3 was firstly detected. From this simple observation we can infer that NaNbO 3 is not formed directly, like assumed by equation 1, but through an intermediate amorphous phase. The transitional nature of the amorphous phase is further confirmed by the maximum in its amount after 110 hours of milling. Moreover, literature data go in favour of our conclusions. In fact, based on studies of the kinetics, the sigmoidal trend, like that observed in the case of NaNbO 3 (Fig. 4b , open circles), is characteristic for multistep mechanochemical processes, such as the amorphization of a mixture of metals, where the phase transformation requires two or more impacts on the same powder fraction. In contrast, continuously decelerating processes, described by asymptotic kinetics, are typical for the amorphization of single-phase compounds, such as intermetallics, where the structure is already altered after the first impact Cocco et al., 2000; Delogu et al., 2004) . Therefore, independently of the analysis on the XRD-amorphous phase, the sigmoidal-like trend in the formation of NaNbO 3 (Fig. 4b , open circles) suggests that the niobate is formed via a transitional phase.
In addition to the XRD-amorphous phase, we shall look at the changes induced in the Na 2 CO 3 in the initial part of milling. Fig. 5 compares the XRD patterns of the Na 2 CO 3 -Nb 2 O 5 mixture in the first 40 hours of milling ( Fig. 5a ) with the XRD patterns of Na 2 CO 3 ( Fig. 5b) , which was high-energy milled alone, without Nb 2 O 5 , with exactly the same milling conditions as the mixture. While the peaks of Na 2 CO 3 when milled together with Nb 2 O 5 completely disappeared after 20 hours of milling (see open triangles in Fig. 5a ), this is clearly not the case even after 40 hours if Na 2 CO 3 was milled alone (see Fig. 5b ). The broader peaks of Na 2 CO 3 after 40 hours of separate milling (Fig. 5b , 40 h) are most probably a consequence of reduced crystallite size and increase in microstrains due to creation of structural disorder. The disappearance of the original crystalline Na 2 CO 3 from the mixture, suggesting amorphization, is therefore an effect triggered by the presence of Nb 2 O 5 rather than a pure effect of the high-energy collisions. In relation to this mechanochemical . XRD patterns of a) Na 2 CO 3 -Nb 2 O 5 mixture and b) Na 2 CO 3 after high-energy milling for up to 40 hours. The pattern in a) shows a narrow 2-theta region, i.e., from 34.8 to 38.8°, to highlight the changes upon milling in the peaks corresponding to Na 2 CO 3 . Note that all the peaks on the patterns of non-milled and 40-hours-separately-milled Na 2 CO 3 in b) are indexed with monoclinic Na 2 CO 3 . Notation: Na 2 CO 3 (∆, PDF 19-1130); "h" denotes milling hours (from Rojac et al., 2006) . interaction between Na 2 CO 3 and Nb 2 O 5 , a question that arises at this point is whether this interaction resulted into the carbonate decomposition. This is also relevant with respect to the nature of the amorphous phase. Obviously, further information could be obtained by following the decomposition of the carbonate during milling. This can be done using thermogravimetric (TG) analysis; the results of TG coupled with differential thermal analysis (DTA) and evolved-gas analysis (EGA) are presented in the following section.
Thermal analysis
In order to explore the origin of the reaction-induced amorphization and/or possible decomposition of Na 2 CO 3 ( Fig. 5) we were further focused on the initial part of milling, i.e., results are presented for the samples treated in the first 40 hours of milling.
Fig. 6 presents the thermogravimetric (TG), derivative thermogravimetric (DTG), differential thermal analysis (DTA) and evolved-gas analysis (EGA) curves of the Na 2 CO 3 -Nb 2 O 5 powder mixture in the first 40 hours of high-energy milling. The nonmilled Na 2 CO 3 -Nb 2 O 5 mixture looses mass in several steps in a broad temperature range from 400 °C to 800 °C ( Fig. 6a and b, 0 h). The total mass loss of this mixture upon annealing to 900 °C amounts to 11.7%, which agrees well with the theoretical mass loss of 11.8%, calculated according to equation 1 for the complete decomposition of Na 2 CO 3 in an High-energy milling resulted into several changes in the thermal behaviour of the Na 2 CO 3 -Nb 2 O 5 mixture. Firstly, by inspecting the TG curves, a mass loss appears in the milled samples in the temperature range 25-300 °C, which was not observed prior milling (Fig. 6a , compare milled samples with the non-milled). According to the DTA curves (Fig.  6c) , these mass losses between room temperature and 300 °C are accompanied by endothermic heat effects, which first manifest as a sharp endothermic peak at around 100 °C (Fig. 6c, 1 In addition to water adsorption, high-energy milling induced considerable changes in the thermal decomposition of the carbonate. This is best seen by inspecting the DTG and EGA (CO 2 ) curves of the milled samples ( Fig. 6b and 6d , milled samples). Firstly, it should be noted that in the temperature range between 350 °C and 500 °C the DTG peaks of the milled mixtures (Fig. 6b , milled samples) coincide with those of EGA(CO 2 ) (Fig. 6d , milled samples, full lines), which means that the mass loss in this temperature range is related to the CO 2 removal, i.e., to the carbonate decomposition. For the sake of discussion, we consider in the following only the EGA(CO 2 ) curves (Fig. 6d, full lines) . In contrast to the carbonate decomposition in the non-milled mixture (Fig. 6d , 0 h, 400-800 °C), occurring in several steps and in a broad temperature range, which is characteristic for a physical mixture of Na 2 CO 3 and Nb 2 O 5 particles (Jenko, 2006) , the mixture milled for only 1 hour releases CO 2 in a much narrower temperature range, i.e., 400-500 °C (Fig. 6d, 1 h) . We attribute this effect to the smaller particle size after 1 hour of milling, which is known to decrease considerably the decomposition temperature of Na 2 CO 3 in the Na 2 CO 3 -Nb 2 O 5 mixture due to reduced diffusion paths (Jenko, 2006) . In comparison with the 1-hour milled sample, upon milling for 5 hours only small changes are observed in the shape of the EGA(CO 2 ) peak (Fig. 6d, 5 h, 400-500 °C). After 20 hours of milling a new, weak EGA(CO 2 ) peak appears at 370 °C (Fig. 6d , 20 h), suggesting two-step carbonate decomposition; this peak then shifts to 400 °C upon 40 hours of milling (Fig. 6d, 40 h ). Note that after 40 hours of milling the intense EGA(CO 2 ) peak at 420 °C becomes sharper in comparison with shorter milling times, i.e., 1, 5 and 20 hours, indicating a more uniform decomposition of the carbonate.
www.intechopen.com According to DTA, the decomposition of the carbonate in the milled samples is accompanied by an exothermic heat effect (Fig. 6c, milled samples) . This is seen from the sharp and intense exothermic peaks appearing in all the milled samples in the temperature range where the CO 2 is released, i.e., 400-500 °C (compare Fig. 6c with Fig. 6d ).
To summarize, the DTA and EGA(CO 2 ) analyses on the milled samples ( Fig. 6c and d , milled samples) suggest a rather defined carbonate decomposition occurring in a narrow temperature range, which is not typical for a physical mixture of Na 2 CO 3 and Nb 2 O 5 (compare 0 h with milled samples in Fig. 6c and 6d ; see also Jenko, 2006) ; this indicates a change in the chemical state of the carbonate upon milling and formation of a new phase.
According to the mass loss related to the CO 2 release, which can be separated from the loss of H 2 O by combining EGA and TG curves, we can calculate the amount of the residual carbonate in the mixture, i.e., the amount of the carbonate that did not decompose during high-energy milling. The total CO 2 loss from the sample milled for 40 hours is 9.6%, corresponding to 85.0% of residual carbonate. Therefore, in the first 40 hours of milling, a minor amount of the carbonate decomposed, whereas the major part, according to XRD analysis (Fig. 5a ), became amorphous. As mentioned in the previous section, the Na 2 CO 3 amorphization is stimulated by the mechanochemical interaction with Nb 2 O 5 . This observation, together with the characteristic changes in the decomposition of the carbonate upon milling (Fig. 6) , indicates a formation of a new carbonate compound. As a next step, it seems reasonable to explore the symmetry of the CO 3 2-ions, which was done using infrared spectroscopy.
Infrared spectroscopy analysis
The IR spectra of the Na 2 CO 3 -Nb 2 O 5 mixture before and after milling for various periods are shown in Fig. 7a . The two separate graphs in Fig. 7a show two different wavenumber regions, i.e., 950-1150 cm -1 and 1280-1880 cm -1 . The spectrum of the non-milled mixture is composed of a weak band at 1775 cm -1 and a strong one at 1445 cm -1 ; no bands are observed in the lower wavenumber region between 950 and 1150 cm -1 (Fig. 7a, 0 h ). Based on the literature data, the spectrum of the non-milled mixture can be entirely indexed with Fig. 7 . FT-IR spectra of a) Na 2 CO 3 -Nb 2 O 5 powder mixture after high-energy milling for 1, 5, 20 and 40 hours and (b) Na 2 CO 3 subjected to separate high-energy milling for 40 hours. The non-milled powders are denoted as "0 h". Note that, in contrast to the Na 2 CO 3 -Nb 2 O 5 mixture (a), no splitting of  3 (CO 3 2-) is observed in the case of the separately milled Na 2 CO 3 (b). Notation: * Nujol, for bands assignment refer to Gatehouse et al., 1958) . This is consistent with the fact that Nb 2 O 5 , which is also a part of the mixture, did not show any IR bands in the two examined wavenumber regions (the IR spectrum of Nb 2 O 5 is not shown).
The IR vibrations of the free CO 3 2-ion having D 3h point group symmetry are listed in Table 1.  The CO 3 2-ion possesses two stretching and two bending vibrational modes. The symmetrical C-O stretching vibration, denoted as  1 , is IR-inactive, while the  2 ,  3 and  4 are IR-active. According to Harris & Salje (1992) , and Table 1 , the strongest band of the nonmilled sample at 1445 cm -1 (Fig. 7a, 0 h ) belongs to the assymetrical C-O stretching vibration of CO 3 2-( 3 ), while the weak band at 1775 cm -1 can be assigned to the combinational band of the type  1 + 4 . No bands are observed in the 950-1150 cm -1 region (Fig. 7a, 0 h ), consistent with absence of the IR-inactive 1 vibration. With the exception of some differences in the position, the bands of the non-milled mixture, which belong to Na 2 CO 3 , are consistent with vibrations characteristic for the free CO 3 2-ion with D 3h symmetry. This is in agreement with the literature data and was explained as being a consequence of the small effect of the crystal field of Na + ions on the symmetry of the CO 3 2-in the Na 2 CO 3 structure. This is somewhat different, for example, in Li 2 CO 3 , where a stronger interaction between crystal lattice and CO 3 2-ions leads to lowered CO 3 2-symmetry and, consequently, to a more complex IR spectrum (Buijs & Schutte, 1961; Brooker & Bates, 1971 ).
Type of vibration
Notation Wavenumber (cm -1 )
Out-of-plane CO 3 2-bending  2 (A 2 '') 879
In-plane CO 3 2-bending  4 (E') 680 Table 1 . Fundamental IR vibrations of carbonate (CO 3 2-) ion with D 3h symmetry.  2 ,  3 and  4 are IR-active vibrations, while  1 is IR-inactive (Gatehouse et al., 1958; Nakamoto, 1997) .
Upon milling the Na 2 CO 3 -Nb 2 O 5 mixture, considerable changes can be observed in the IR spectra (Fig. 7a, milled samples) . After 1 hour of milling a new weak band appears at 1650 cm -1 . The position of this band coincides with one of the strongest HCO 3 -bands typical for alkaline hydrogencarbonates (Watters, 2005) . This is in agreement with the simultaneous loss of H 2 O and CO 2 upon annealing this sample (Fig. 6d, 1 h) , which is characteristic for the hydrogencarbonate decomposition. Furthermore, we should not eliminate the possibility of having the in-plane bending vibration of H 2 O, which also appears near 1650 cm -1 (Venyaminov & Prendergast, 1997) .
By further milling from 1 hour to 40 hours related and simultaneous trends can be noted: i) the  3 (CO 3 2-) vibration shifts from 1445 cm -1 (Fig. 7a, 1 and 5 h) to 1455 cm -1 (Fig. 7a, 20 h ) and decreases in intensity until it completely disappears after 40 h of milling, ii) the  3 vibration is gradually replaced by new absorption bands appearing at 1605, 1530 and 1345 cm -1 (Fig. 7a, 40 h) , and iii) a new band arises during milling, located at 1055 cm -1 , which belongs to the symmetrical C-O stretching vibration of the CO 3 2-ions ( 1 ) (Fig. 7a , see region 950-1150 cm -1 ). We can conclude from these results that milling induced a splitting of  3 and activation of  1 vibrations, suggesting a change of the CO 3 2-symmetry from the www.intechopen.com original D 3h . We shall come back to this point after examining the fundamental relation between symmetry and IR vibrations of the carbonate ion.
An extensive review on the IR spectroscopic identification of different species arising from the reactive adsorption of CO 2 on metal oxide surfaces can be found in Busca & Lorenzelli, 1982 . In principle, the carbonate ion is a highly versatile ligand, which gives rise not only to simple mono-or bidentate structures, but also to a number of more complicated bidentate bridged structures. Some examples of CO 3 2-coordinated configurations are schematically illustrated in Fig. 8 . When the CO 3 2-ion is bound, through one or more of its oxygens, to a metal cation (denoted as "M" in Fig. 8 ), its point group symmetry is lowered. It is well known from the literature that the lowering of the CO 3 2-symmetry, resulting from the coordination of the carbonate ion in a carbonato complex, causes the following changes in the IR vibrational modes of the free carbonate ion (Gatehouse et al., 1958; Hester & Grossman, 1966; Brintzinger & Hester, 1966; Goldsmith & Ross, 1967; Jolivet et al., 1980; Busca & Lorenzelli, 1982; Nakamoto, 1997 The most characteristic of the above IR spectroscopic changes upon CO 3 2-coordination is the infrared activation of the  1 , i.e., the symmetrical C-O stretching vibration. This vibration, as mentioned earlier, is IR-inactive for the free carbonate ion, but also for most alkali, alkaline-earth and heavy-metal carbonates; it appears as a weak band only in certain carbonates of the aragonite type (Gatehouse et al., 1958) . To derive the relation between symmetry and IR vibrations, we shall first look at the details of the  1 vibration. According to the IR selection rule, which states that the vibration is IR-active if the dipole moment is changed during vibration, we can understand that there will be no net change in the dipole moment during symmetrical C-O stretching vibration ( 1 ) of the CO symmetry; this comes from the equivalence of the three C-O bonds, which is schematically illustrated in Fig. 9 (bottom-left quadrant). The equivalence of these three C-O bonds is lost upon coordination, so that typically the C-O bond coordinated to the metal cation becomes weaker, while the C-O bonds not involved in metal binding becomes stronger with respect to the C-O bond in the free, non-coordinated, CO 3 2-ion (Fig. 9 , upper-right quadrant) (Fujita et al., 1962; Brintzinger & Hester, 1966 ). This in turn leads to lowered CO 3 2-symmetry, e.g., from D 3h to C 2 , and to the activation of the  1 vibration (Fig. 9, bottom-right quadrant) . In the case of monodentate coordination, also the C s symmetry is possible and arises when the M-O-C bond is not collinear (Fig. 9, upper-right quadrant) ; same IR spectroscopic changes also apply for this case (Fujita et al., 1962; Nakamoto, 1997) . Fig. 9 . Schematic representation of non-coordinated and coordinated CO 3 2-ion and the corresponding point group symmetry elements. The changes in the  1 and  3 IR vibrations of the CO 3 2-ion upon coordination are also shown. For simplicity, only monodentate coordination is presented. Notations: I -identity, C n -n-fold axis of rotation,  h ,   -mirror planes perpendicular and parallel to the principal axis, respectively, S n -n-fold rotationreflection operation. The number preceding the symmetry operation symbol refers to number of such symmetry elements that the molecule possesses. For further details consult Nakamoto, 1997.
In parallel with the  1 activation, also the splitting of the  3 vibration occurs upon coordination. In the free CO 3 2-ion, the  3 vibration is doubly degenerate (Fig. 9 , bottom-left quadrant). Doubly degenerate vibrations occur only in molecules possessing an axis higher than twofold, which is the case of the D 3h symmetry, having a three-fold rotational axis (see Fig. 9 , upper-left quadrant; C 3 -three-fold axis) (Nakamoto, 1997) . The lowering of the symmetry of the carbonate ion from D 3h to either C 2 or C s , which means loss of the equivalence of the three C-O bonds in the CO 3 2-and, therefore, loss of the three-fold rotational axis, leads to the separation (splitting) of the doubly degenerate vibrations (Fig. 9 , bottom-right quadrant).
With respect to the changes upon coordination in the other two vibrational modes, i.e.,  2 and  4 , it should be noted that the splitting of the  4 vibration has been studied to a lesser extent in comparison with the characteristic  3 splitting. In addition, the shift of the  2 vibration upon coordination is typically small and the values for complexes do not differ greatly in comparison with those of simple carbonates (Gatehouse et al., 1958) .
Coming back to our case from Fig. 7a , we can interpret the  3 splitting and  1 activation of the CO 3 2-vibrations during milling of the Na 2 CO 3 -Nb 2 O 5 mixture as characteristic of lowered CO 3 2-symmetry, which is related to the mechanochemical formation of a carbonato complex. For comparison, we compiled in Table 2 the data of a number of carbonato complexes, with metals such as Cu and Co, provided from the literature. According to the notation of the coordinated C 2 symmetry, the  3 vibration of the D 3h symmetry is now split into two components, which are denoted as  1 and  4 (second and third column in Table 2 ); the activated  1 vibration becomes  2 (fourth column in Table 2 ). The regions in which the carbonato complex absorption bands appear are 1623-1500 cm -1 , 1362-1265 cm -1 ( 3 splitting) and 1080-1026 cm -1 ( 1 activation) ( Table 2) . By comparing these data with the our case, we can observe that the  3 split bands at 1605, 1530 and 1345 cm -1 , and the  1 activated band at 1055 cm -1 from Fig. 7a (40 Table 2 . Some copper and cobalt carbonato complexes and the corresponding IR absorption bands related to CO 3 2-vibrations.  1 ,  2 and  4 correspond to vibrations of CO 3 2-in the C 2 symmetry notation; according to this notation, the doubly degenerate  3 vibration of the free CO 3 2-ion, which splits into two components, is denoted as  1 and  4 , whereas the activated  1 vibration is denoted as  2 (data compiled from Gatehouse et al., 1958; Fujita et al., 1962; Jolivet et al., 1982; Healy & White, 1972) .
It is important to note that, in contrast to the Na 2 CO 3 -Nb 2 O 5 mixture, the  3 vibration did not split when Na 2 CO 3 was milled alone, i.e., without Nb 2 O 5 . This is seen in Fig. 7b , which shows the IR spectra of Na 2 CO 3 before and after separate milling. Except for the reduced intensity, which might be related to the decreased crystallite size and structural disordering www.intechopen.com
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induced by milling, the  3 band at 1445 cm -1 is still present after 40 hours of separate milling. We emphasize that for this separate Na 2 CO 3 milling the same milling conditions and same milling time, i.e., 40 hours, were applied as for the Na 2 CO 3 -Nb 2 O 5 mixture. Therefore, the lowering of the CO 3 2-symmetry and the corresponding coordination of the CO 3 2-ions can only be explained by the presence of Nb 2 O 5 or, in other words, by the participation of Nb 5+ as central cation.
The mechanochemical formation of the carbonato complex is further supported by XRD analysis. By comparing XRD and IR data, we find that the  3 splitting and  1 activation, which took place progressively from 5 to 40 hours of milling (Fig. 7a) , coincide with the amorphization of Na 2 CO 3 (Fig. 5a ). For example, after 20 hours of milling, when the split  3 bands are resolved for the first time and intense  1 band appeared (Fig. 7a, 20 h) , the XRD peaks of Na 2 CO 3 could not be detected anymore (Fig. 5a, 20 h ). From this comparison we can conclude that the amorphization of Na 2 CO 3 is closely related to the formation of the complex. The conclusion seems reasonable if we consider that the formation of the complex requires a reconstruction, i.e., coordination, of the CO 3 2-ions; such reconstruction can eventually ruin the original Na 2 CO 3 structure over the long range, make it undetectable to X-ray diffraction. The relation between amorphization and coordination is further supported by the fact that neither the amorphization of Na 2 CO 3 nor the  3 splitting were observed during separate milling of Na 2 CO 3 (see Fig. 5b and Fig. 7b ).
We finally note that after 40 hours of milling the powder mixture contains 81% of XRDamorphous phase (inset of Fig. 4b ). According to this large amount and based on the fact that we did not detect any new crystalline phase during 40 hours of milling we can conclude that the carbonato complex is amorphous or eventually nanocrystalline to an extent that is undetectable with X-ray diffraction methods. This example illustrates that enriched information on a local structural scale can only be achieved by appropriate selection of analytical tools. The amorphous carbonato complex has recently been confirmed using Raman and nuclear magnetic resonance (NMR) spectroscopies (Rojac et al. , to be published).
Another important aspect to discuss is the possible role of water on of the formation of the complex. Jolivet et al. (1982) emphasized the influence of the water molecules on the  3 splitting, which can be significant, depending on whether they can interact via hydrogen bonding with the carbonate group. This was demonstrated through various examples of lanthanide carbonates, where the hydrated forms showed different  3 splitting with respect to their dehydrated analogues. As an example, the hydrated form of the Na 2 Cu(CO 3 ) 2 complex, that is Na 2 Cu(CO 3 ) 2 3H 2 O, showed larger  3 splitting, i.e., 203 cm -1 , in comparison with its dehydrated form, i.e., 138 cm -1 (see also Table 2, first two examples). In our case, the possible influence of water molecules on the carbonate ion should be considered. In fact, we showed in section 2.2 (Fig. 6 ) that an amount of water was introduced in the sample from the air during the milling. Therefore, we have to examine more carefully the possible influence of water adsorption on the  3 splitting. This was done by quenching the 40-hours-treated sample in air from different temperatures so that controlled amounts of water were released; the quenched samples were then analyzed using IR spectroscopy. The IR spectra together with the TG and EGA curves are shown in Fig. 10 . The mass losses after quenching at 100 °C, 170 °C and 300 °C were 0.8 %, 3.1 % and 5.0 %, Fig. 10 . a) TG and EGA(H 2 O,CO 2 ) curves of the 40-hours high-energy milled Na 2 CO 3 -Nb 2 O 5 powder mixture. The dashed lines on the graphs represent the temperatures at which the 40-hours milled sample was air-quenched. b) FT-IR spectra of the 40-hours high-energy milled Na 2 CO 3 -Nb 2 O 5 powder mixture air-quenched from various temperatures (from Rojac et al., 2006) . respectively. According to EGA, these mass losses correspond entirely to the removal of water (Fig. 10a, see dashed lines) . From Fig. 10b we can see that with increasing amount of released H 2 O the band at 1605 cm -1 gradually decreases at the expense of the band at 1530 cm -1 . Note that the intensity of the band at 1345 cm -1 decreases, too. The results confirm the influence of H 2 O on the splitting of the  3 vibration.
There are some cases of carbonato complexes, as pointed out by Jolivet et al. (1982) , in which water molecules can even modify the coordination state of the carbonate ion. This is also the case of the Na 2 Cu(CO 3 ) 2 3H 2 O complex, which contains both bidentate chelate and bridged carbonate ions, whereas its dehydrated form is exclusively a bridged structured (see also Fig. 8 ). Concerning our carbonato complex, it would be interesting to get more information about the actual influence of H 2 O on the CO 3 2-coordination. Since apparently the H 2 O has an active role in the mechanochemical formation of the complex, namely, it affects the  3 splitting, and taking into account that this complex represents an intermediate phase from which the NaNbO 3 is formed, it would also be interesting to find out whether milling in humid-free conditions will affect the formation of the niobate. These questions will be left for further investigations. In-depth study of reaction mechanism limited to one system is often insufficient if fundamental characteristics governing certain type of mechanochemical reaction are to be determined. Following the results from the previous section, in which we identified an amorphous carbonato complex as a transitional stage of the reaction between Na 2 CO 3 and Nb 2 O 5 , it is the next step to find out i) whether this mechanism is general for mechanochemical reactions involving CO 3 2-ions and ii) which parameters control the decomposition of the carbonato complex. The latter is particularly important as the decomposition of the complex is a necessary step for the formation of the final binary oxide.
Mechanochemical reaction rate in Na
In order to study systematically the mechanochemical interaction between CO 3 2-ions and various metal cations, which could possibly lead to the formation of the carbonato complex, we explored the reactions involving Na 2 CO 3 , as one reaction counterpart, and various 5 th group transition-metal oxides, including V 2 O 5 , Nb 2 O 5 and Ta 2 O 5 . The aim of the study was to determine the influence of the transition-metal oxide on i) the mechanochemical decomposition of Na 2 CO 3 and ii) the rate of formation of the target binary oxides, i.e., NaVO 3 , NaTaO 3 and NaNbO 3 .
The mechanochemical formation of NaMO 3 (M = V, Nb, Ta) from respective Na 2 CO 3 -M 2 O 5 (M = V, Nb, Ta) mixtures was followed by quantitative X-ray diffraction phase analysis using Rietveld refinement method. The fractions of NaMO 3 (M = V, Nb, Ta) as a function of milling time are shown in Fig. 11 . The rate of formation of the final oxides follows the order NaVO 3 >NaTaO 3 >NaNbO 3 . Note that the vanadate was formed within 4 hours, while the www.intechopen.com tantalate and niobate required much longer milling times to be the only crystalline phase detected in the mixtures, i.e., 72 and 150 hours, respectively. The results show that the type of the transition-metal oxide plays an important role in the formation kinetics of NaMO 3 (M = V, Nb, Ta).
In order to verify whether the amorphous carbonato complex appears as a transitional phase in the three examined reactions, we performed an IR spectroscopy analysis. The results are presented in Fig. 12 . In all the systems, a common trend, characteristic for the lowering of the CO 3 2-symmetry, is observed during milling: i) the  3 (CO 3 2-) vibration shifts gradually to higher wavenumbers and decreases in intensity until it disappears after certain milling time, ii) the  3 vibration is replaced by new bands in the region 1650-1250 cm -1 , showing  3 splitting (see 4 h, 72 h, 150 h in Fig. 12 a, b and c, respectively) and iii) the  1 vibration is activated. Note that the  1 activation in the case of the Na 2 CO 3 -V 2 O 5 mixture could not be ascertained due to overlapping with the band at 1025 cm -1 , related to the stretching vibration of the double vanadyl V=O bonds of V 2 O 5 (Fig. 12a) . According to the relation between symmetry and IR vibrational spectroscopy of the CO 3 2-ion, described in detail in the previous section, the formation of the carbonato complex is confirmed in all the examined systems.
We note that the milling conditions for the mechanochemical synthesis of NaNbO 3 presented in the previous section were different from the ones that we applied for the study presented here. This is seen from the different kinetics of the formation of NaNbO 3 , i.e., by comparing the timescale of the NaNbO 3 fraction-versus-time curves from Fig. 11 (closed rectangular) and Fig. 4b (open circles) . Therefore, the mechanism of the mechanochemical interaction between Na 2 CO 3 and Nb 2 O 5 , in terms of the transitional carbonato complex, is qualitatively unaffected by the milling intensity. The results from Fig. 12 suggest a general reaction mechanism in mixtures involving CO 3 2-ions; in fact, in addition to the systems presented in this chapter, the carbonato complex was identified in a number of other alkaline-carbonate-transition-metal oxide mixtures, including the following: (Rojac et al., 2010) A closer inspection of Fig. 12 reveals several differences between the three reaction systems. First of all, the degree of the  3 splitting is different depending on the metal cation, i.e., V 5+ , Nb 5+ or Ta 5+ , to which the CO 3 2-coordinate. The maximum splitting of  3 from the spectra of the Na 2 CO 3 -M 2 O 5 (M = V, Ta, Nb) mixtures after 4, 72 and 150 hours of milling, respectively (Fig. 12) , is collected in Table 3 . The maximum  3 splitting is largest in the case of V 2 O 5 (325 cm -1 ), followed by Ta 2 O 5 (305 cm -1 ) and Nb 2 O 5 (270 cm -1 ).
Mixture
Max  3 splitting (cm -1 )
Na 2 CO 3 -Ta 2 O 5 305 Na 2 CO 3 -Nb 2 O 5 270 Table 3 . Maximum splitting of  3 (CO 3 2-) vibration in Na 2 CO 3 -M 2 O 5 (M = V, Nb, Ta) powder mixtures (from Rojac et al., 2011) . Nakamoto et al. (1957) were the first to propose the degree of  3 splitting ( 3 ) as a criterion to distinguish between mono-and bidentate coordination in carbonato complexes. Their results showed that some bidentate cobalt carbonato complexes have  3 splitting of about 300 cm -1 , while monodentate complexes of analogous chemical composition exhibit about 80 cm -1 of  3 . Calculations based on models of XO 3 (X = C, N) groups coordinated to a metal cation confirmed the larger splitting in the case of bidentate coordination, as compared to the monodentate coordination (Britzinger & Hester, 1966; Hester & Grossman, 1966) . A general relationship between the type of coordination and  3 splitting, which we updated according to the critical review by Busca & Lorenzelli (1982) , is shown schematically in Fig.  13a . While monodentate configurations show splitting of around 100 cm -1 or lower, larger  3 splitting can be expected for bidentate chelate and bidentate bridged coordinations.
In addition to the type of coordination, other factors influence the degree of the  3 splitting. As explained in the previous section, the coordination of the CO 3 2-ion causes a rearrangement of the C-O bonds, i.e., the C-O bond coordinated to the metal cation is typically weakened, while the others, non-coordinated, are strengthened. Calculations showed that, for a given type of coordination, this CO 3 2-polarization is more pronounced if the polarizing power of the central cation is high as it can attracts electrons more strongly (Britzinger & Hester, 1966) . The  3 splitting, which reflects the CO 3 2-polarization, should www.intechopen.com therefore depend on the polarizing power of the central cation. This was indeed confirmed experimentally by Jolivet et al. (1982) , which identified a linear increase of  3 splitting with the polarizing power of the central cation for numerous carbonato complexes having the same bidentate coordination (Fig. 13b) . For those cases, the polarizing power of the cation was assumed to be proportional to e/r 2 , where e and r are cation charge and radius, respectively. Therefore, the  3 splitting criterion for distinguishing between different types of coordination (Fig. 13a) should only be applied if the polarizing power of the cation is taken into account (Fig. 13b) . As pointed out by Busca & Lorenzelli (1982) , low values of  3 splitting, e.g., 100 cm -1 , do not unequivocally indicate the presence of monodentate structure, particularly in cases of metals having low polarizing power (se also Fig. 13b ). Fig. 13 . a) Schematic view of the influence of the type of coordination on splitting of  3 (CO 3 2-) vibration (from Busca & Lorenzelli, 1982) and b) correlation between splitting of  3 (CO 3 2-) vibration and polarizing power (e/r 2 ) of the central cation for bidentate carbonato complexes. "e" and "r" denote cation charge and radius, respectively (from Jolivet et al., 1982) .
By comparing with the literature data and considering the relationship shown in Fig. 13a , the maximum  3 splitting in the three mixtures from Table 3 , being larger than 100 cm -1 , might suggest bidentate chelate and/or bridged coordination. The increasing  3 from the system with niobium, having the smallest  3 of 270 cm -1 , to that with vanadium, with the largest  3 of 325 cm -1 ( Table 5 and refer to the next section for details). Since it is generally accepted that the acidity scales with the cation charge density, i.e., e/r (Avvakumov et al., 2001) , our correlation, in principle, agrees with the one of Jolivet et al. (1982) from Fig. 13b . However, even if a correlation exists, it should be interpreted carefully since in addition to the polarizing ability of the central cation, we should not neglect other influences on the  3 splitting, such as, for example, incorporation of water molecules, as demonstrated in previous section (Fig. 10) , which might differ between the three examined systems.
In addition to the  3 splitting, another difference between the three reactions that should be noted is the much faster formation of the complex in the case of V 5+ as central cation in comparison with Nb 5+ and Ta 5+ (Fig. 12 ). This can be seen by comparing the characteristic  3 splitting among the three systems taking into consideration the point of the transition of the original  3 vibration into split bands as a criterion for the CO 3 2-coordination (Fig. 12) . Whereas in the case of V 2 O 5 the  3 vibration almost completely disappeared after 4 hours of milling, giving rise to split bands (Fig. 12a) , at least 16 hours were needed in the case of Nb 2 O 5 and Ta 2 O 5 ( Fig. 12b and c) . This is in agreement with the kinetics of NaMO 3 formation (M = V, Nb, Ta), shown in Fig. 11 .
In contrast to the Na 2 CO 3 -Ta 2 O 5 and Na 2 CO 3 -Nb 2 O 5 systems, where the IR absorption bands of the carbonato complex are still clearly resolved after 72 and 150 hours of milling ( Fig. 12b and c) , these bands completely disappeared after only 16 h of milling in the case of the Na 2 CO 3 -V 2 O 5 mixture (Fig. 12a) . A reasonable explanation for the absence of the IR bands related to the complex is its decomposition. If this is the case, it suggests that the transition-metal oxide plays a role in the decomposition of the carbonato complex.
We can compare quantitatively the carbonate decomposition in the three studied systems by using thermogravimetric analysis. Similarly like explained in the previous section, by separating the mass loss related to the H 2 O release from the one that is due to the CO 2 release, we can estimate the amount of the residual carbonate in the powder mixtures. The results of this analysis are shown in Fig. 14. As expected, in all the mixtures the carbonate fraction decreases with increasing milling time; this is associated with the mechanochemically driven carbonate decomposition. We can summarize the reaction as follows: after being formed (Fig. 12) , the carbonato complex decomposes (Fig. 14) , leading to the formation of the final NaMO 3 oxides (Fig. 11) . Note that, in terms of the reaction timescale, these three stages are not clearly separated, instead, they are overlapped.
The results of TG analysis (Fig. 14) reveal a substantial difference in the decomposition rate of the carbonate between the three systems: the fastest is in the case of V 2 O 5 , followed by Ta 2 O 5 and Nb 2 O 5 . Note also that the carbonate fraction reaches a plateau after prolonged milling, which we denote here as the "steady-state" milling condition. The amount of the carbonate in this "steady-state" condition depends strongly on the type of the transitionmetal oxides participating in the reaction. Whereas the carbonato complex decomposed nearly completely in the case of vanadium, i.e., only 0.5% of residual carbonate was determined in the "steady-state" milling condition, 29% and 39% remained in the mixture in the case of Ta and Nb, respectively ( Fig. 14 and Table 4 ). This is in agreement with the IR spectra from Fig 12, i.e., in contrast to the cases with Nb and Ta, no IR bands related to the carbonato complex are observed after prolonged milling of the Na 2 CO 3 -V 2 O 5 mixture (Fig. www.intechopen.com 
Carbonate fraction (%) 12a, see 16 and 48 hours). Finally, it is important to stress that the complex is amorphous and could not be analyzed using Rietveld analysis (Fig. 11) ; instead, we were able to follow its formation and decomposition using IR and TG analyses, respectively ( Fig. 12 and 14) .
From the presented results we can infer that a common mechanism, characterized by the formation of an intermediate amorphous carbonato complex, link the reactions between Na 2 CO 3 and M 2 O 5 (M = V, Nb, Ta); however, considerable differences exist in the rate of the formation and decomposition of this carbonato complex and, consequently, in the crystallization of the final binary compounds. The sequence of the rates of these reactions, i.e., Na 2 CO 3 -V 2 O 5 >Na 2 CO 3 -Ta 2 O 5 >Na 2 CO 3 -Nb 2 O 5, can be interpreted by considering the acid-base properties of the reagents involved.
Acid-base mechanochemical reaction mechanism
In their extensive work on the mechanochemical reactions involving hydroxide-oxide mixtures, Senna and co-workers (Liao & Senna, 1992 Watanabe et al., 1995b , Avvakumov et al., 2001 showed that the mechanism in these mixtures is governed by an acid-base reaction between different hydroxyl groups on the solid surface. The driving force for these reactions is the acid-base potential, i.e., the difference in the acid-base properties between an acidic and basic surface -OH group, which is determined by the type of metal on which it is bound, and therefore, on the strength of the M-OH bond (M denotes the (Liao & Senna, 1993) .
The acid-base reaction mechanism is not confined to the hydroxyl groups only. Thermodynamic calculations showed that a correlation exists between the Gibbs free energies of a variety of reactions between oxide compounds and the acid-base potential between the participating oxide reagents for two-component systems: the larger the potential, the more negative the value of the Gibbs energy and, thus, the faster and more complete the reaction (Avvakumov et al., 2001 ).
In order to fully consider the acid-base properties of oxide compounds, one should take into account that the acidity of a cation, incorporated into a certain oxide compound, depends on the oxidation state and the coordination number. For example, when the oxidation degree of the manganese ion increases by unity, the acidity increases by 2-3 times; same trend is observed when the coordination number of Si 4+ decreases from 6 to 4. For correct comparisons, the influence of these parameters on the acid-base properties of cations should be taken into account. This can be done by introducing the electronegativity of a cation, divided by the coordination number, which defines the cation-ligand force per one bond in a coordination polyhedron; the larger the force, the larger the acidity of the cation, i.e., the stronger is the ability to attract electron pairs forming covalent bonds (Avvakumov et al., 2001 ).
To address the acid-base properties of the transition-metal cations, we adopted the electronegativity scale for cations derived by Zhang (1982) . Table 5 . Electronegativity values Xz and Xz/CN ratios for V 5+ , Nb 5+ and Ta 5+ . Xz and CN denote cation electronegativity defined by Zhang and coordination number, respectively. The Xz/CN ratio is taken as a parameter proportional to cation acidity (from Rojac et al., 2011) .
The order of the cation acidity, i.e., V 5+ >Ta 5+ >Nb 5+ (Table 5 ) correlates with our experimental results; in fact, the reaction rate follows the same order, i.e., Na 2 CO 3 -V 2 O 5 >Na 2 CO 3 -Ta 2 O 5 >Na 2 CO 3 -Nb 2 O 5 (see Fig. 11 ). This means that the higher is the acidity of the cation involved, the faster is the reaction, including the formation and decomposition of the carbonato complex ( Fig. 12 and 14) , and the crystallization of the final oxides (Fig. 11) .
The agreement between the reaction rate sequence and the cation acidity or acid-base potential, where Na 2 CO 3 is taken as basic and transition-metal oxides as acidic compound, suggests that the mechanochemical reactions studied here suit the concept of an acid-base interaction mechanism. Similar correlations between the acid-base properties and the mechanochemical reaction rate can also be found in other systems comprising CaO, as one reagent, and Al 2 O 3 , SiO 2 , TiO 2 , V 2 O 5 or WO 3 , as the other reagent (Avvakumov et al. 1994 ).
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We showed in the previous section that after reaching a specific milling time ("steady-state" milling condition), the fraction of the residual carbonate did not change any longer if further milling was applied (Fig. 14) . These carbonate fractions correlate with the acidity of the cations as well (compare Table 4 with Table 5 ). Note that the small carbonate fraction in the Na 2 CO 3 -V 2 O 5 system, i.e., 0.5 % (Table 4) , is consistent with the much larger acidity of V 5+ as compared to Ta 5+ or Nb 5+ (see XZ/CN values in Table 5 ). The results seem reasonable considering the relation that was found between the acid-base potential and the reaction Gibbs free energy; however, insufficient thermodynamic data for the systems presented here prevent us from making further steps in this direction. We note that these results carry practical consequences, i.e., they suggest that attempting to eliminate the carbonate from a mixture, characterized by a low acid-base potential, by intensifying the milling might not be successful. In fact, the residual carbonate fraction seems to be dependent on the acid-base potential, which is a characteristic of a system, rather than on the milling conditions (Rojac et al., 2008b) .
Even if the rate of the three examined reactions apparently agrees with the acid-base reaction concept, we shall not neglect other parameters that could influence the course of the reaction, such as, e.g., adsorption of H 2 O during milling, which might differ from one system to another. In order to directly verify this possibility, we plot in Fig. 15 the reaction rate constant versus Xz/CN. The reaction rate constant was obtained by fitting the curves from Fig. 11 with a kinetic model proposed for mechanochemical transformations in binary mixtures . A linear relationship would be expected if the reaction rate will be largely dominated by the cation acidity. While the sequence of the reaction rate constants, i.e., V>Ta>Nb, agrees with the acid-base reaction mechanism, the non-linear relationship between the rate constant and Xz/CN from Fig. 15 suggests that, in addition to the cation acidity, probably other factors influence the reaction rate. The origin of these additional influences will be left open for further studies. 
Conclusions
A systematic study of the reaction mechanism during high-energy milling of a Na 2 CO 3 -Nb 2 O 5 mixture, presented in the first part of the chapter, revealed that the synthesis of NaNbO 3 takes place through an intermediate amorphous stage. Quantitative phase analysis using XRD diffraction and Rietveld refinement method showed indeed a large amount of The present book is a definitive review in the field of Infrared (IR) and Near Infrared (NIR) Spectroscopies, which are powerful, non invasive imaging techniques. This book brings together multidisciplinary chapters written by leading authorities in the area. The book provides a thorough overview of progress in the field of applications of IR and NIR spectroscopy in Materials Science, Engineering and Technology. Through a presentation of diverse applications, this book aims at bridging various disciplines and provides a platform for collaborations among scientists.
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